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Translation initiation activationIn eukaryotic protein synthesis the translation initiation factor 3 (eIF3) is a key player in the recruitment and
assembly of the translation initiation machinery. Mammalian eIF3 consists of 13 subunits, including the loosely
associated eIF3j subunit that plays a stabilizing role in the eIF3 complex formation and interaction with the
40S ribosomal subunit. By means of both co-immunoprecipitation and mass spectrometry analyses we demon-
strate that the protein kinase CK2 interacts with and phosphorylates eIF3j at Ser127. Inhibition of CK2 activity
by CX-4945 or down-regulation of the expression of CK2 catalytic subunit by siRNA cause the dissociation of
j-subunit from the eIF3 complex as judged from glycerol gradient sedimentation. This ﬁnding proves that CK2-
phosphorylation of eIF3j is a prerequisite for its association with the eIF3 complex. Expression of Ser127Ala-
eIF3j mutant impairs both the interaction of mutated j-subunit with the other eIF3 subunits and the overall
protein synthesis. Taken together our data demonstrate that CK2-phosphorylation of eIF3j at Ser127 promotes
the assembly of the eIF3 complex, a crucial step in the activation of the translation initiation machinery.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
In eukaryotic protein synthesis, initiation of translation is a complex
sequence of reactions requiring the interaction of the ribosome with a
number of eukaryotic translation initiation factors (eIFs). A key player
in the recruitment and assembly of the translation initiation machinery
is the multiprotein complex eIF3, which stimulates many steps of the
pathway. These include assembly of the eIF2-GTP/met-tRNAi complex
and of other eIFs to the 40S ribosomal subunit to form the 43S
preinitiation complex, recruitment of mRNA to the 43S complex,
prevention of the 40S ribosome from joining the 60S prematurely, and
the scanning of mRNA for AUG recognition [reviewed in 1,2]. In
mammals, eIF3 contains 13 different subunits, which are named IF3a
to eIF3m in order of decreasing molecular weight, and possesses an an-
thropomorphic ﬁve-lobed structure [3] organized around a functional
core complex [4,5]. Structural analysis suggests that eIF3 performs a
scaffolding function by binding to the 40S subunit on its solvent-
exposed surface rather than on its interface with the 60S subunit,Sciences, University of Padova,
110; fax: +39 049 8276363.
Deana).where the decoding sites are located [3]. This location of eIF3 seems
ideally suited for its other proposed regulatory functions, including its
acting as a receptor for protein kinases that control protein synthesis
[6,7]. eIF3j is a nonstoichiometric and highly conserved subunit, that is
loosely associated with the eIF3 complex [8,9]. It makes multiple inde-
pendent interactions with the eIF3 core [5] and its binding to the
eIF3b N-terminal RNA recognition motif plays a stabilizing role in
forming the eIF3 complex [10]. eIF3j is required for high-afﬁnity binding
of eIF3 to the 40S ribosomal subunit, it associates with the decoding
center of the 40S subunit and governs the binding of initiation factors
and mRNA to form a scanning-competent initiation complex [8,9,
11–13]. It has been also proposed that eIF3j promotes mRNA dissocia-
tion during the ribosomal recycling step [14].
Protein kinase CK2 is a ubiquitous, highly conserved and pleiotropic
Ser/Thr kinase, endowed with constitutive activity, independent of any
known second messenger or phosphorylation events. The kinase is
usually present as a tetrameric holoenzyme composed of two catalytic
subunits (α and/or α′) and two non-catalytic β-subunits. CK2
phosphorylates a huge number of protein substrates, implicated in fun-
damental cell processes. Among the CK2 substrates there are also tran-
scription factors, modulators of DNA and RNA structure, and proteins
involved in RNA and protein biosynthesis, which highlight the
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mally elevated in awide variety of tumors, where it plays a global role as
an anti-apoptotic and pro-survival agent operating as a cancer driver by
creating a cellular environment favorable to neoplasia [17–19].
In this studywe show that the protein kinase CK2 interacts with and
phosphorylates the j subunit of the eIF3 complex. CK2-catalyzed phos-
phorylation of eIF3j triggers the association of this subunit with eIF3
complex promoting an efﬁcient translation initiation.2. Materials and methods
2.1. Materials and antibodies
[γ-33P]ATP was purchased from Hartmann Analytic GmbH (Braun-
schweig Germany). Protease inhibitor cocktail was from Calbiochem
(Darmstadt, Germany), while phosphatase inhibitor cocktails 2 and 3
and the kit for molecular weight markers were from Sigma-Aldrich
(Dorset, UK). CX-4945 was purchased from AbMole BioScience
(Hong Kong, China), staurosporine from Sigma-Aldrich (Dorset, UK)
and quinalizarin was kindly provided by Dr. G. Cozza, University of Pa-
dova, Italy [20]. RRRADDSDDDDD peptide [21] and recombinant CK2
(α2β2) [22] were kindly provided by Dr. Oriano Marin and Dr. Andrea
Venerando (University of Padova, Italy), respectively. Antiserumagainst
CK2α subunit was raised in rabbit using the peptide reproducing the se-
quence of the human catalytic subunit at the C-terminus (376–391).
The peptide was coupled to keyhole limpet hemocyanin using
m-maleimidobenzoyl-N-hydroxysuccinimide ester (Fischer Scientiﬁc,
IllkirchCedex, France). Anti-CK2β antibodywas fromEpitomics (Burlin-
game, CA), while antibodies raised against Fyn, eIF3j, eIF3b, eIF3c, eIF3d,
and rpS6 were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
Akt1 (phospho-129) was from Abcam (Cambridge, UK), anti-Akt1
from Cell Signaling Technology (Danvers, MA), while anti-β-actin and
anti-c-Myc were purchased from Sigma-Aldrich.2.2. Cell culture
HEK293 (human embryonic kidney) and Hela (cervical cancer) cells
were grown in DMEM, while LAMA84 (chronic myeloid leukemia) cells
were maintained in RPMI 1640. Both media were supplemented with
10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin and
100 mg/ml streptomycin.2.3. Cell lysis and western blot analysis
Cells were lysed by suspension (1 h at 4 °C) in the lysis buffer con-
taining 20 mM Tris–HCl (pH 7.5), 1% Triton X-100, 10% glycerol, 1 mM
EDTA, 150 mM NaCl and protease and phosphatase inhibitor cocktails.
After centrifugation (16,000 × g for 15 min) protein concentration
was determined in the supernatants by Bradford method. Proteins
were subjected to 11% SDS-PAGE, blotted on Immobilon-P membranes
(Sigma-Aldrich), processed in western blot with the indicated antibod-
ies and developed using an enhanced chemiluminescent detection
system (ECL). Immunostained bands were quantiﬁed by means of a
Kodak-Image-Station 4000MM-PRO and analysis with Carestream
Molecular Imaging software (New Haven, CT).2.4. Immunoprecipitation experiments
Proteins from cell lysates (400 μg in 250ml) were immunoprecipitated
overnight with the speciﬁc antibody, followed by addition of protein
A-Sepharose for 30min. The immunocomplexes, washed three times
with 0.9 ml of 50 mM Tris–HCl, pH 7.5, were analyzed by western-
blot or tested for CK2 activity by in vitro phosphorylation assay.2.5. Phosphorylation assay of immunoprecipitates
Anti-CK2α, anti-eIF3j and anti-Myc immunoprecipitateswere phos-
phorylated in 25 μl of a phosphorylation medium containing 50 mM
Tris–HCl (pH 7.5), 10 mMMgCl2, 100 mM NaCl and 20 μM [γ-33P]ATP
(about 1000 c.p.m./pmol). Samples were subjected to SDS-PAGE and
blotted. Radioactive proteins were evidenced by a Cyclone Storage
Phosphor-Screen (PerkinElmer, Waltham, MA).
2.6. Identiﬁcation of the eIF3j site phosphorylated by CK2
HEK293 cells, treated with vehicle or CX-4945 were
immunoprecipitated with eIF3j antibody. Immunocomplexes were
loaded on SDS-PAGE and the bands corresponding to the MW of about
35–38 kDa were excised from the gel and digested by trypsin (for
details see Supplementary Materials and Methods). The resulting pep-
tides were subjected to a phosphopeptide enrichment step. Samples
were dried under vacuum and dissolved in 30 μl of a loading buffer
that was constituted of 80% acetonitrile (ACN) and 6% triﬂuoroacetic
acid (TFA, riedel-de Haen). Samples were slowly loaded onto home-
made TiO2 micro-columns (prepared as described in [23]) pre-
conditioned twicewith 20 μl of ACNand twicewith 20 μl of loading buff-
er. Micro-columns were then washed twice with 20 μl of loading buffer
and twice with 0.1% TFA (20 μl each time) to increase the pH.
Phosphopeptides bound to the stationary phase were ﬁnally eluted
with 20 μl of freshly prepared NH4OH (5%, pH ≈ 11), and released
from the C18 frit with a further elution step using 50% ACN, 0.1% formic
acid (FA). 2 μl of pure FA was ﬁnally added to acidify the samples.
Phosphopeptides were dried under vacuum and dissolved in 0.1% FA
for mass spectrometry (MS) analysis that was conducted as described
in [24].
Datawere analyzedwith ProteomeDiscoverer software (version 1.4,
Thermo Fisher Scientiﬁc) coupled to a Mascot search engine (version
2.2.4,Matrix Science) against thehuman section of theUniprot database
(release 20140416, 88708 entries). (For further details see the Supple-
mentary Materials and Methods.) The MS/MS spectra of identiﬁed
phosphopeptides were manually inspected for conﬁrmation.
2.7. Glycerol gradient sedimentation
Cells (10 × 106) were lysed with the lysis buffer described in
Section 2.3 containing 0.2% Triton X-100 and 10 mM KCl (instead of
1% Triton X-100 and 150 mM NaCl, respectively). Lysates (300 μl
containing 400 μg of proteins) were layered on the top of a 3.6 ml of a
glycerol discontinuous gradient (0.9 ml of 40%, 0.9 ml of 30%, 0.9 ml of
20% and 0.9 ml of 10%) in 50 mM Hepes, pH 8.0, 1 mM EDTA, 1 mM
DTT, protease and phosphatase inhibitors. The tubes were centrifuged
in a Beckman SW60Ti rotor at 100,000 × g for 18 h at 4 °C and fraction-
ated from the bottom into 19 fractions. Fractions (40 μl) were analyzed
by western blot.
2.8. RNA interference
HEK293 cells (5 × 105) were transfected for 72 h with 30 nM CK2α
and CK2β speciﬁc siGENOME SMARTpool siRNAs (Dharmacon,
Lafayette, CO, USA) or non-speciﬁc siRNA siCONTROL riscfree#1
(Dharmacon). Transfection was performed using the transfecting re-
agent INTERFERin (Polyplus-transfection SA, Illkirch, France) according
to the manufacturer's recommendations.
2.9. CK2 kinase activity assay
Proteins from cell lysates were incubated for 10min at 30 °C in 25 μl
of a phosphorylation medium containing 50 mM Tris–HCl (pH 7.5),
100 mM NaCl, 12 mM MgCl2, 400 μM synthetic peptide-substrate
RRRADDSDDDDD and 20 μM [γ-33P]ATP (1000 cpm/pmol). Assays
Fig. 1. Identiﬁcation of eIF3j as interactor and substrate of CK2. (A) HEK293, Hela and
LAMA84 cells were lysed and lysate proteins were immunoprecipitated (IP) with anti-
CK2α antibody. Immunocomplexes were then phosphorylated in the presence of
[γ-33P]ATP as described in Section 2.5. Vehicle (DMSO), CX-4945 (0.5 μM) or
staurosporine (5 μM) were added to the phosphorylation medium as indicated. After
15 min, samples were loaded on SDS-PAGE and blotted. 33P-radiolabeled proteins were
visualized by a Cyclone Storage Phosphor-Screen. Arrows indicate the position of a radio-
active protein of about 35–38 kDa and of CK2 β-subunit. (B) HEK293 cells were lysed and
lysate proteins were immunoprecipitated with anti-Fyn antibody of the same class (Ctrl)
or anti-eIF3j antibody. (Left panel) Immunocomplexes were loaded on SDS/PAGE and
then analyzed by western blot (Wb) with anti-eIF3j antibody. (Middle and right panels)
In parallel experiments, control and eIF3-immunoprecipitates were loaded on two other
gels together with 50 ng of recombinant CK2 holoenzyme (α2β2). One gel was immuno-
stained with anti-CK2α antibody (middle panel) and the other with anti-CK2β antibody
(right panel). (C) Lysate proteins were immunoprecipitated with anti-eIF3j antibody
and immunocomplexes were phosphorylated in the presence of [γ-33P]ATP. Vehicle or
0.5 μM CX-4945 were added to the phosphorylation medium as indicated. After 15 min,
samples were loaded on SDS-PAGE and blotted. Membranes were analyzed by western
blot (upper panel) or by a Cyclone Storage Phosphor-Screen to visualize the 33P-
radiolabeled eIF3j (lower panel). Figures are representative of four different experiments.
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washed four times in 75 mM phosphoric acid [21] and analyzed by a
Scintillation Counter (PerkinElmer).
2.10. Plasmids and cell transfection
pCMV-Myc vector, pCMV-Myc-wild type eIF3j and pCMV-Myc-
S127A-eIF3j were purchased from GenScript (Piscataway, NJ, USA).
HEK293 cells (1 × 106) were transfected for 96 h with 4.5 μg of the
indicated constructs, using TransIT-LT1 (Mirus Bio LLC, Madison, WI,
USA) according to the protocol recommended by the manufacturer.
2.11. 35S-methionine/cysteine metabolic labeling
HEK293 cells were transfected as described in Section 2.10 and then
cycloheximide (100 μg/ml)was added to a cellmedium for 1 h. Then the
medium was replaced by Met/Cys-free DMEM (Sigma-Aldrich) supple-
mentedwith 2mML-glutamine and 100 μg/ml cycloheximide. After 1 h,
the medium was replaced by Met/Cys-free DMEM supplemented with
2 mM L-glutamine and 10 μCi/ml [35S]-L-Met/Cys Protein Labeling Mix
(Hartmann Analytic GmbH). After 1 h, radiolabeled medium was re-
moved and cells were washed and lysed as described in Section 2.3.
Similar amounts of radioactive lysates were subjected to SDS-PAGE,
blotted and the total labeling was measured using the Cyclone Plus
Storage PhosphorSystem.
2.12. Statistical analysis
Data are presented as means + SD and mean differences were ana-
lyzed using t-test. A p b 0.05 was considered as statistically signiﬁcant.
3. Results
3.1. j-Subunit of eIF3 is a new interactor and substrate of CK2
HEK293, Hela and LAMA84 cells were analyzed in experiments
aimed at identifying new CK2 substrates. Cellular lysates were
immunoprecipitated with an antiserum raised against the human
CK2α C-terminus. Immunocomplexes were then phosphorylated in a
medium containing [γ-33P]ATP. Fig. 1A shows that different co-
immunoprecipitated proteins are 33P-phosphorylated including the
expected CK2 regulatory β-subunit (lanes 1,4,7). The strong inhibition
of the 33P-phosphorylation induced by in vitro addition of the CK2 selec-
tive and potent inhibitor CX-4945 [25] demonstrates that most proteins
are speciﬁcally phosphorylated by the constitutively active CK2 (lanes
2,5,8). Consistently, addition of staurosporine at a concentration ineffec-
tive toward CK2 but able to inhibit most protein kinases [26] does not
affect the protein phosphorylation extent (Fig. 1A, lanes 3,6,9). The ra-
dioactive protein displaying a MW of about 35–38 kDa, which is highly
phosphorylated and present in all the analyzed immunoprecipitates,
was excised from the gel, digested by trypsin and analyzed by mass
spectrometry. The analysis showed that, among the identiﬁed proteins,
the j-subunit of the eukaryotic translation initiation factor 3 (eIF3j)
(MW=29,159) displayed the highest mascot score (see Supplementa-
ry Materials and Methods and Supplementary Table 1). The occurrence
of an interaction between CK2 and eIF3j was further supported by the
presence of CK2α and CK2β subunits in eIF3j-immunoprecipitates
obtained from HEK293 cell lysates (Fig. 1B). The recognition of the
co-immunoprecipitated CK2 subunits was conﬁrmed by running re-
combinant CK2 holoenzyme (α2β2) in parallel with the eIF3j-
immunoprecipitates. The identiﬁcation of eIF3j as a new substrate of
CK2 was strengthened by in vitro phosphorylation experiments per-
formed with eIF3j-immunoprecipitates showing that j-subunit is phos-
phorylated by its interactor CK2. The kinase co-immunoprecipitated
with eIF3j (upper panel of Fig. 1C) speciﬁcally phosphorylates the
subunit as demonstrated by the strong reduction of the eIF3j 33P-phosphorylation caused by in vitro addition of the CK2 inhibitor CX-
4945 (lower panel of Fig. 1C).
The ﬁnding that all the other eIF3 subunits were identiﬁed by mass
spectrometry analysis among the proteins co-immunoprecipitated with
CK2α (see Supplementary Materials and Methods and Supplementary
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complex.
3.2. CK2 phosphorylates eIF3j at Ser127
To check if eIF3j is phosphorylated by CK2 inside the cell, HEK293
cells were treatedwith vehicle or CX-4945 for 5 h and then lysed. Lysate
proteins were immunoprecipitated with anti-eIF3j antibody and the
immunocomplexes were subjected to SDS-PAGE. Protein bands corre-
sponding to j-subunit were excised and digestedwith trypsin. Resulting
phoshopeptides were enriched using TiO2 microcolumns and analyzed
by tandem mass spectrometry, as described in Section 2.6. Fig. 2
shows the extracted ion chromatograms for several identiﬁed peptides
belonging to eIF3j. The eIF3j phosphopeptide LQEEpSDLELAK was
identiﬁed in the control sample (panel A) but not in the sample
immunoprecipitated from cells treated with the CK2 inhibitor CX-
4945 (panel B). The ion at m/z = 677.8087 is indeed detectable only
in the control experiment, and it is absent in the sample derived from
cells treatedwith CX-4945, while all other ions are present in both sam-
ples with similar intensities. The MS/MS spectrum of the ion at m/z =
677.8087 (Fig. 2C) conﬁrms the identiﬁcation of the eIF3j trypticFig. 2. Identiﬁcation of the eIF3j residue phosphorylated by CK2. (A,B) HEK293 cells, trea
immunoprecipitated with anti-eIF3j antibody. Immunocomplexes were loaded on SDS-PAGE a
were excised from the gel and processed for mass spectrometry analysis as described in Secti
MS/MS. Peptides were obtained from the trypsin digestion of eIF3j that was immunoprecipitat
to the phosphopeptide LQEEpSDLELAK. (B) Extracted Ion Chromatograms of the same peptides
case, the signal at m/z= 677.8087 is not present. (C) AnnotatedMS/MS spectrum of ion at m/zphosphopeptide LQEEpSDLELAK containing the residue Ser127, which
is located in a sequence matching the CK2 consensus, which is S/T-X-
X-Acidic residue [16,27].3.3. Inhibition of CK2 increases its binding to eIF3j
Next we assessed whether the inhibition of CK2 activity might affect
the interaction occurring between the kinase and eIF3j. To this purpose,
HEK293 cells were untreated or treated with CX-4945 or quinalizarin
(Q1), two structurally unrelated CK2 inhibitors. Western blot analysis
of cellular lysates demonstrates that CX-4945 and Q1 strongly reduce
the phosphorylation extent of Akt1 Ser129, a speciﬁc target of CK2
[28] (about 80% and 65%, respectively), while they do not change the
protein-level of CK2α, CK2β and eIF3j (Fig. 3A). Cellular lysates were
then immunoprecipitated with anti-CK2α antibody. Interestingly,
while cell treatment with CX-4945 or quinalizarin does not affect the
interaction of the kinase with the eIF3 subunits eIF3b and eIF3d, it
causes an about 3-fold increase of eIF3j co-immunoprecipitation
(Fig. 3B). This ﬁnding is conﬁrmed by eIF3j-immunoprecipitates show-
ing a great enhancement of CK2α and CK2β co-immunoprecipitation inted with vehicle (A) or with 3 μM CX-4945 (B) for 5 h were lysed and lysates were
nd the gel was stained by colloidal “blue silver”. Bands corresponding to the MW of eIF3j
on 2.6. (A) Extracted Ion Chromatograms (EIC) of few selected peptides detected by LC–
ed from control cells. The arrow indicates the signal at m/z = 677.8087, which is relative
obtained from eIF3j that was immunoprecipitated from cells treatedwith CX-4945. In this
= 677.8087, which conﬁrms the sequence of the tryptic phosphopeptide LQEEpSDLELAK.
Fig. 3. Effect of CK2 inhibition on its interactionwith eIF3j. (A,B,C, left panels) HEK293 cells
were treated with vehicle (DMSO), 2.5 μM CX-4945 or 5 μM quinalizarin (Q1) for 5 h and
lysed. (A) Cellular lysates were analyzed by western blot with the indicated antibodies.
(B,C) Cellular lysates were immunoprecipitated with (B) pre-immune serum (Ctrl) or
anti-CK2α antibody, and (C) with anti-Fyn antibody of the same class or anti-eIF3j
antibody. Immunocomplexes were then analyzed by western blot with the indicated
antibodies. (A,B,C, right panels) Panels report the densitometric values + SD relative to
the phosphorylation extent of Akt1 phospho-Ser129 (A) and to the amount of the co-
immunoprecipitated eIF3j (B) or CK2α (C). Values are expressed as percentage relative
to the densitometric value of the bands observed in cells treated with vehicle. *p b 0.05.
Figures are representative of at least four independent experiments.
Fig. 4. Effect of CK2 inhibition by CX-4945 on eIF3j interaction with the eIF3 complex in
HEK293 cells. (A,B) HEK293 cells were treated with vehicle (Ctrl) (A) or 3 μM CX-4945
for 5 h (B). Cellswere lysed and lysate proteinswere separated on glycerol gradients as de-
tailed in Section 2.7. The following molecular weight standards were run on separate
tubes:β-amylase (200 kDa), apoferritin (443 kDa) and thyroglobulin (669kDa). Gradients
were fractionated into 19 fractions. 40 μl of the indicated fractionswas loaded on the same
gel, subjected to SDS-PAGE and analyzed bywestern blot. (C) Fractions 2 and 3 of the gra-
dients relative to untreated (Ctrl) or CX-4945-treated cells were pooled and
immunoprecipitated with anti-rpS6 antibody. Immunocomplexes were analyzed by
western blot. (D) Fractions 7 and 8, or 12 and 13 of the gradients relative to untreated
(Ctrl) or CX-4945-treated cells were pooled and immunoprecipitatedwith anti-eIF3j anti-
body. Immunocomplexes were analyzed by western blot. Figure is representative of ﬁve
independent experiments.
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co-immunoprecipitated eIF3b and eiF3d are unchanged (Fig. 3C).
To assess whether eIF3j is bound directly to CK2α and/or CK2β, pre-
liminary experiments were performed by down-regulating separately
the amount of these two CK2 subunits in HEK293 cells by RNA-
interference experiments. Cellular protein-level of CK2α and CK2β
was reduced of about 48% and 43%, respectively (Fig. S1A of Supplemen-
tary Material). Co-immunoprecipitation of the individual CK2 subunits
was then quantiﬁed in eIF3j-immunoprecipitates obtained from
the lysates of the differently treated cells. Supplementary Material
Fig. S1B shows that, in comparison with control cells, the eIF3j-
immunoprecipitates obtained from CK2α-downregulated cells contain
the expected decreased level of CK2α and a similar amount of CK2β.On the contrary, CK2β-downregulation causes a substantial reduction
of eIF3j interaction with both CK2 subunits, suggesting that the regula-
tory β-subunit might play a role as a linker between eIF3j and the CK2
catalytic α-subunit.
3.4. CK2-phosphorylation of j-subunit promotes its interaction with eIF3
complex
To get further insight into the interaction occurring between CK2
and eIF3j, HEK293 cells, treated with vehicle or CX-4945, were ﬁrst
lysed and subjected to sucrose gradient centrifugation in the presence
of MgCl2 as described elsewhere [2,8]. Under these conditions, most
eIF3j is detectable in the low-density fractions, dissociated from the
eIF3 complex (unpublished data and Ref. [2]). To recover the j-subunit
included in the eIF3 complex, cells were therefore lysed and loaded on
glycerol gradients as detailed in Section 2.7. In control cells, a part of
Fig. 5. Effect of CK2 inhibition by CX-4945 on eIF3j interaction with the eIF3 complex in
LAMA84 cells. (A,B) LAMA84 cells, treated with vehicle (DMSO) or 3 μM CX-4945 for 5 h
were lysed. Cellular lysates were immunoprecipitated with anti-CK2α (A) or anti-eIF3j
(B) and analyzed by western blot. Means of the densitometric values + SD relative to the
amount of eIF3j (A) or CK2α (B) are reported and expressed in arbitrary units. *p b 0.05 vs
the protein amount detected in cells treated with DMSO. (C,D) LAMA84 cells, treated with
vehicle (Ctrl) (C) or 3 μMCX-4945 for 5 h (D)were lysed and cellular lysates were analyzed
by glycerol gradients as detailed in the legend of Fig. 4. Gradient fractions 1–9 and 10–18
were loaded on two different gels, and analyzed bywestern blot under the same conditions.
Figure is representative of three independent experiments.
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bound to the 40S ribosomal subunit as indicated by the co-
sedimentation and the co-immunoprecipitation of the S6 ribosomal
protein (rpS6) with the eIF3 subunits b, c, d and j (fractions 1–4 of
Fig. 4A, and Ctrl of Fig. 4C, respectively). Most of the complex is detect-
able in the gradient fractions containing protein complex(es) displaying
a molecular weight higher than 400 kDa (Fig. 4A, fractions 6–9). The
distribution of CK2α and CK2β subunits shows that only a small amount
of the protein kinase co-migrateswith the eIF3 complex in fractions 7–9
(Fig. 4A), while the majority of CK2 participates in complex(es)
displaying a lower molecular weight (fractions 10–13). Notably, cell
treatment with the CK2 inhibitor CX-4945 induces the dissociation of
a large amount of j-subunit from the eIF3 complex both bound or
unbound to the 40S subunits (Fig. 4B) and its shift toward the low-
density region of the gradient, where CK2α and CK2β are also detect-
able (fractions 11–14). The ﬁnding that cell treatment with CX-4945
does not affect the protein-level of CK2 (Fig. 3A) suggests that eIF3j
migration is induced only by inhibition of the kinase activity.
The effect of cell treatment with CX-4945 was further elucidated by
immunoprecipitating speciﬁc fractions of the gradients. Immunoprecip-
itation of rpS6 from the high-density region of the gradient (fractions 2
and 3) (Fig. 4C) demonstrates that CK2-inhibition triggers the detach-
ment of eIF3j from the protein-complex containing the other eIF3
subunits and the 40S ribosomal subunit. Immunoprecipitation of eIF3j
(Fig. 4D) supports the previous ﬁnding that cell treatment with CX-
4945 induces an increased interaction of eIF3j with inactive CK2
(Fig. 3). This is evident for both the populations of eIF3j, the one
bound to the eIF3 complex (Fig. 4D, fractions 7,8) and that migrated
to the low-density region of the gradient (fractions 12,13). The outcome
that CK2 inactivation correlates with the j-subunit dissociation from the
eIF3 complex supports the view that the CK2-phosphorylation of eIF3j is
a prerequisite for the binding of this subunit to eIF3 complex.
Considering the importance of cell translational activity in cancer,
the interplay occurring between CK2 and eIF3j was further analyzed
also in LAMA84, a chronic myeloid leukemia cell line presenting an
aberrant protein synthesis [29]. Fig. 1A demonstrates that eIF3j is an
interactor and an in vitro substrate of CK2 also in LAMA84 cells. More-
over, as previously shown in HEK293 cells (Fig. 3), treatment of these
leukemic cells with CX-4945 causes an enhanced interaction of eIF3j
with CK2. In comparison with control cells, CK2-inhibition in LAMA84
cells correlates with a strong increase of the co-immunoprecipitated
amount of eIF3j (Fig. 5A) or CK2α and CK2β (Fig. 5B) detectable in
CK2α- or eIF3j-immunoprecipitates, respectively. Glycerol gradients of
LAMA84 cellular lysates were then performed. Differently from what
were found in HEK293 cells (Fig. 4A), in control LAMA84 cells
(Fig. 5C) the eIF3 complex appears in the high-density fractions (1–8)
of the gradient andmost of it co-sediments with the 40S ribosomal sub-
units, indicating the assembly of the preinitiation complex (fractions 1–
4). A substantial amount of eIF3j is also present in the low-density
portion of the gradient (fractions 10–14), where CK2α and CK2β are
also detectable. Consistent with the results obtained with HEK293
cells, treatment of LAMA84 cells with CX-4945 (Fig. 5D) correlates
with the dissociation of a substantial amount of eIF3j from the
preinitiation complex and its migration to the low-density fractions
11–15, which contain also the protein kinase CK2.
The role played by CK2 in promoting the interaction of eIF3jwith the
other eIF3 subunits was also conﬁrmed by knocking down CK2α ex-
pression in HEK293 cells by RNA interference experiments. A decrease
of more than 40% of both CK2α protein-level and activity was observed
following CK2α silencing (Fig. 6A and B, respectively). Glycerol gradi-
ents of cell lysates demonstrate that cells transfected with non-
speciﬁc siRNA (Ctrl) exhibit a sedimentation proﬁle similar to that of
untreated cells (compare Figs. 6C and 4A). In contrast, CK2α down-
regulation induces the dissociation of an aliquot of j-subunit from eIF3
complex (Fig. 6D) conﬁrming the outcome observed by inhibiting CK2
activity with CX-4945 (Fig. 4B).3.5. S127A mutation of eIF3j affects the subunit interaction with eIF3
complex and impairs the protein synthesis
To further analyze the role played by eIF3j Ser127, HEK293 cells
were transfected with MYC-tagged cDNA of either wild type eIF3j or
the mutated counterpart containing Ser127 replaced by Ala. Fig. 7A
shows that transfected cells overexpress the same amount of Myc-
tagged proteins without affecting the expression of endogenous eIF3
subunits b and d. To reinforce the concept that Ser127 is indeed a CK2
target, wild type and mutant eIF3j were immunoprecipitated by anti-
Myc antibody and the immunocomplexes were added to a phosphory-
lation medium containing recombinant CK2. The ﬁnding that S127A-
eIF3j mutant is only slightly 33P-phosphorylated by the kinase in
comparison with the wild type subunit proves that Ser127 is the main
site of CK2-phosphorylation (Fig. 7B).
We then analyzed the interaction occurring between overexpressed
j-subunit and endogenous eIF3 subunits by immunoprecipitating
wild type or mutant Myc-eIF3j with anti-Myc antibody (Fig. 7C).
S127A mutation induces a substantial decrease of eIF3b, eIF3c
and eIF3d binding to mutated eIF3j in comparison with the interac-
tion detectable with wild type eIF3j, conﬁrming the role played
by Ser127 in eIF3j binding to the eIF3 complex. Consistently, the
parallel eIF3b-immunoprecipitation (Fig. 7D) shows a similar co-
immunoprecipitation of eIF3c and eIF3d in the two differently
transfected cells, while the binding of the Myc-tagged proteins is
different, being the amount of coimmunoprecipitated S127A-eIF3j
lower than that of wild type eIF3j.
Fig. 6. Effect of CK2α silencing on eIF3j interaction with the eIF3 complex. HEK293 cells
were transfected with non-speciﬁc siRNA (Ctrl) (A,B,C), or CK2α-speciﬁc siRNA (A,B,D)
for 72 h and lysed as described for glycerol gradients. (A) 10 μg of lysate proteins was an-
alyzed by western blot. (B) 1 μg of lysate proteins was tested for CK2 activity toward the
speciﬁc peptide RRRADDSDDDDD. *p b 0.05 vs Ctrl. (C,D) Lysate proteins were separated
on glycerol gradients and the indicated fractionswere loadedon the same gel, subjected to
SDS-PAGE and analyzed by western blot. Panels are representative of at least three sepa-
rate experiments.
Fig. 7. Effect of eIF3j S127A mutation on the eIF3j interaction with the eIF3 complex and
the overall translation efﬁciency. (A–D) HEK293 cells were transfected with wild type
(WT) or S127A-mutated Myc-eIF3j cDNA for 96 h and then lysed. (A) 20 μg of lysate pro-
teins were analyzed by western blot. (B) Lysate proteins were immunoprecipitated with
anti-Myc antibody and the immunocomplexes were 33P-phosphorylated in a phosphory-
lation medium containing 30 ng of recombinant CK2. Samples were loaded on SDS-PAGE
and blotted. Membranes were analyzed by western blot (upper panel) and by a Cyclone
Storage Phosphor-Screen to visualize 33P-radiolabeled Myc-eIF3j (lower panel). (C,D)
Lysate proteins were immunoprecipitated with either anti-Myc (C) or anti-eIF3b
(D) antibodies and analyzed by western blot. Means of the densitometric values + SD
relative to the co-immunoprecipitated bands of eIF3b (C) or Myc (D) are reported and
expressed in arbitrary units. *p b 0.05 vs the protein amount found in cells transfected
with WT Myc-eIF3j. (E) HEK293 cells, transfected with empty vector (Ctrl) or with wild
type (WT) or S127A-mutated Myc-eIF3j cDNA for 96 h, were treated with cycloheximide
and pulsed in the presence of [35S]-L-Met/Cys Protein Labeling mix as described in
Section 2.11. Cells were lysed and radioactive proteins were subjected to SDS-PAGE and
blotted. Membranes were analyzed by western blot (upper panel) and by Cyclone Plus
Storage PhosphorSystem (bar graph) to quantify the metabolic labeling, which is
expressed as percentage relative to control cells. Data representmean values± SDobtain-
ed from four independent experiments. *p b 0.05 vs the labeling detected in cells
transfected with WT Myc-eIF3j.
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has been demonstrated to cause a signiﬁcant decrease of the yeast
growth rate [10,30],while the knockingdownof eIF3j by siRNA inmam-
malian cells was found less effective on translational rate and cellular
growth [2]. We wanted to assess whether the efﬁciency of the protein
synthesis was affected by eIF3j S127A mutation. HEK293 cells,
transfected with empty vector or overexpressing a similar amount of
wild type or mutated Myc-eIF3j (Fig. 7E, upper panel), were pulsed in
the presence of a radiolabeled methionine and cysteine mix before
quantiﬁcation of total protein labeling. Fig. 7E (bar graph) shows that
the overall protein synthesis of control cells (Ctrl) is not affected by
the overexpression of wild type Myc-eIF3j (WT). Notably, expression
of S127A-eIFj mutant is accompanied by more than 30% reduction of
the translation efﬁciency in comparison with cells transfected with
wild type eIF3j, demonstrating that eIF3j Ser127 plays a regulatory
role in the translational control of protein synthesis.
4. Discussion
In this study we demonstrate by means of both immunoprecipita-
tion experiments and mass spectrometry analyses that eIF3 complex
is associated with CK2 in human cells and that eIF3j subunit is a new
substrate of this protein kinase (Fig. 1). Although two eIF3 polypeptides
isolated from rabbit reticulocytes and displaying the molecular weights
of 70,000 and 120,000, have been described as theﬁrst CK2 substrates in
very early studies [31,32], no other evidence has been subsequently
provided that human eIF3 is regulated by CK2. It has been reported
that eIF3c is a substrate of CK2 in plants [33] and that the yeasthomologues of eIF3b and eIF3c are phosphorylated by CK2 [34]. Here
we demonstrate that CK2 phosphorylates the eIF3 j-subunit at Ser127,
a residue located in the sequence LQEEpSDLELAK matching the CK2
phosphorylation consensus sequence. This is speciﬁed by a carboxylic
or pre-phosphorylated amino acid at position n + 3 with respect to
the target residue and optimized by additional acidic amino acids in
the proximity of the phosphorylatable residue [16,27]. Phospho-
proteomic studies have already demonstrated that eIF3 Ser127 is
phosphorylated in cells [35–38]. Our results show that this residue is
speciﬁcally phosphorylated by CK2 since the eIF3j Ser127 phosphoryla-
tion does not occur in cells treated with the CK2-inhibitor CX-4945
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Ser127 is replaced by Ala (Fig. 7B). Phospho-proteomic analyses have
also shown that, like eIF3j, other mammalian eIF3 subunits contain
phospho-residues located in sequences potentially susceptible to
phosphorylation by CK2 [35,37], suggesting a global role of CK2 in the
regulation of eIF3, a central player in the mechanism of translational
control, whose alterations may lead to either cell malignancy or cell
death [39,40]. With regard to this, the notion that CK2 is abnormally
elevated in a wide variety of tumors, where it is exploited as an anti-
apoptotic and pro-survival agent, suggests that the oncogenic potential
of this protein kinase might also rely on its ability to functionally affect
eIF3, whose contribution to oncogenesis and maintenance of the
malignant phenotype has been amply demonstrated [41–43].
Cell treatment with CK2 inhibitors demonstrates that, once the ki-
nase activity is inhibited, CK2 greatly enhances its binding to j-subunit
(Figs. 3 and 5). Notably, this binding increase is partially due to a sub-
population of j-subunitmolecules that dissociate from eIF3 complex fol-
lowing CK2 inhibition and co-migrate with inactive CK2 as demonstrat-
ed by differential sedimentation in glycerol gradients obtained with
HEK293 and chronic myeloid leukemic LAMA84 cells (Figs. 4 and 5).
The ﬁnding that treatment of LAMA84 cells with CX-4945 induces the
detachment of eIF3j from the preinitiation complex suggests that this
event is involved in the decreased viability caused in these leukemic
cells by CX-4945-inhibition of CK2 activity [44]. Consistently, the
down-regulation of cellular CK2 by knocking-down the CK2α catalytic
subunit in HEK293 cells by siRNA induces a similar dissociation of
j-subunit from eIF3 complex (Fig. 6C and D). These results are in agree-
ment with studies showing that eIF3j is a loosely associated subunit,
easily detachable from the rest of the eIF3 complex during puriﬁcation
and detectable in cells also as unbound protein [9,12]. The ﬁnding that
CK2 inhibition promotes both the dissociation of j-subunit from eIF3
and its increased binding to the kinase suggests that: i) non-
phosphorylated eIF3j binds to CK2 more than its phosphorylated
counterpart; ii) eIF3j, once phosphorylated by CK2, dissociates from
the kinase; iii) eIF3j dissociation from the eIF3 complex is likely caused
by the reduced CK2 activity and not by the decreased protein-level of
the kinase (Fig. 6) as demonstrated in cells treated with CX-4945
(Figs. 4 and 5), that contain an unchanged amount of CK2 (Fig. 3A).
This hypothesis is also supported by the reduced interaction of
j-subunit with the eIF3 complex occurring when active CK2 is unable
to phosphorylate eIF3j due to Ser127Ala mutation (Fig. 7); iv) CK2-
phosphorylation of eIF3j triggers the interaction of this subunit with
the other complex subunits, an event that has been described to play a
stabilizing role in forming the eIF3 complex [9,10,13] as well as in the
eIF3 binding with the decoding center of the 40S ribosomal subunits
[8,9,11–13]. It has been also recently shown that eIF3j and eIF3 complex
bind cooperatively to the 40S ribosomal subunit and that thewhole eIF3
complex is critical for the high afﬁnity binding of eIF3j on the 43S
preinitiation complex [13].
In mammals, the recruitment and positioning of Met-tRNAi on the
small 40S ribosomal subunit to form the 43S preinitiation complex are
mediated and stabilized by the eukariotic initiation factors eIF1, eIF1A,
eIF2, eIF3 and eIF5 [45,46]. It has been demonstrated that CK2 interacts
with and phosphorylates human eIF2β and eIF5 affecting the translation
initiation complex formation and the cellular growth rate [47,48]. Our
results showing that also eIF3j is phosphorylated by CK2 reveal that
most of the initiation factors acting inmammalianpreinitiation complex
are regulated by CK2.
The key role played by eIF3j Ser127 in eIF3 complex assembly and
translation initiationmachinery is further supported by the data obtain-
ed upon transfection of HEK293 cells with a plasmid encoding S127A-
eIF3j mutant. We found that the amount of endogenous eIF3 subunits
interacting with S127A-eIF3j is much lower than that detected in cells
overexpressing wild type eIF3j (Fig. 7C and D). Our results also show
that protein synthesis is markedly reduced in cells containing S127A-
eIF3j mutant in comparison with cells overexpressing wild type eIF3j(Fig. 7E), consistent with the notion that the main mechanism regulat-
ing the overall rate of protein synthesis involves the phosphorylation of
the initiation factors [39].
Collectively taken, our data demonstrate that CK2 phosphorylation
of eIF3j at Ser127 regulates the j-subunit association with eIF3 complex
and underscore the crucial role of CK2 in the initiation of protein
synthesis.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2015.04.004.
Transparency document
The Transparency document associated with this article can be
found, in the online version.
Acknowledgments
This workwas supported by grants fromUniversity of Padova (PrAt-
CPDA130310) to ADD and from AIRC (Italian Association for Cancer
Research), Project IG 14180 to LAP.
References
[1] A.G. Hinnebusch, eIF3: a versatile scaffold for translation initiation complexes,
Trends Biochem. Sci. 31 (2006) 553–562, http://dx.doi.org/10.1016/j.tibs.2006.08.
005.
[2] S. Wagner, A. Herrmannová, R. Malík, L. Peclinovská, L.S. Valášek, Functional and
biochemical characterization of human eukaryotic translation initiation factor 3 in
living cells, Mol. Cell. Biol. 34 (2014) 3041–3052, http://dx.doi.org/10.1128/MCB.
00663-14.
[3] B. Siridechadilok, C.S. Fraser, R.J. Hall, J.A. Doudna, E. Nogales, Structural roles for
human translation factor eIF3 in initiation of protein synthesis, Science 310
(2005) 1513–1515, http://dx.doi.org/10.1126/science.1118977.
[4] M. Masutani, N. Sonenberg, S. Yokoyama, H. Imataka, Reconstitution reveals the
functional core of mammalian eIF3, EMBO J. 26 (2007) 3373–3383, http://dx.doi.
org/10.1038/sj.emboj.7601765.
[5] J. Querol-Audi, C. Sun, J.M. Vogan,M.D. Smith, Y. Gu, J.H.D. Cate, et al., Architecture of
human translation initiation factor 3, Structure 21 (2013) 920–928, http://dx.doi.
org/10.1016/j.str.2013.04.002.
[6] M.K. Holz, B.A. Ballif, S.P. Gygi, J. Blenis, mTOR and S6K1 mediate assembly of the
translation preinitiation complex through dynamic protein interchange and ordered
phosphorylation events, Cell 123 (2005) 569–580, http://dx.doi.org/10.1016/j.cell.
2005.10.024.
[7] T.E. Harris, A. Chi, J. Shabanowitz, D.F. Hunt, R.E. Rhoads, J.C. Lawrence, mTOR-
dependent stimulation of the association of eIF4G and eIF3 by insulin, EMBO J. 25
(2006) 1659–1668, http://dx.doi.org/10.1038/sj.emboj.7601047.
[8] C.S. Fraser, J.Y. Lee, G.L. Mayeur, M. Bushell, J.A. Doudna, J.W.B. Hershey, The j-
subunit of human translation initiation factor eIF3 is required for the stable binding
of eIF3 and its subcomplexes to 40S ribosomal subunits in vitro, J. Biol. Chem. 279
(2004) 8946–8956, http://dx.doi.org/10.1074/jbc.M312745200.
[9] S. Miyamoto, P. Patel, J.W.B. Hershey, Changes in ribosomal binding activity of eIF3
correlate with increased translation rates during activation of T lymphocytes, J. Biol.
Chem. 280 (2005) 28251–28264, http://dx.doi.org/10.1074/jbc.M414129200.
[10] L. Elantak, S. Wagner, A. Herrmannová, M. Karásková, E. Rutkai, P.J. Lukavsky, et al.,
The indispensable N-terminal half of eIF3j/HCR1 cooperates with its structurally
conserved binding partner eIF3b/PRT1-RRM and with eIF1A in stringent AUG selec-
tion, J. Mol. Biol. 396 (2010) 1097–1116, http://dx.doi.org/10.1016/j.jmb.2009.12.
047.
[11] K.H. Nielsen, L. Valásek, C. Sykes, A. Jivotovskaya, A.G. Hinnebusch, Interaction of the
RNP1 motif in PRT1 with HCR1 promotes 40S binding of eukaryotic initiation factor
3 in yeast, Mol. Cell. Biol. 26 (2006) 2984–2998, http://dx.doi.org/10.1128/MCB.26.
8.2984-2998.2006.
[12] C.S. Fraser, K.E. Berry, J.W.B. Hershey, J.A. Doudna, eIF3j is located in the decoding
center of the human 40S ribosomal subunit, Mol. Cell 26 (2007) 811–819, http://
dx.doi.org/10.1016/j.molcel.2007.05.019.
[13] M. Sokabe, C.S. Fraser, Human eukaryotic initiation factor 2 (eIF2)-GTP-Met-tRNAi
ternary complex and eIF3 stabilize the 43S preinitiation complex, J. Biol. Chem.
289 (2014) 31827–31836, http://dx.doi.org/10.1074/jbc.M114.602870.
[14] A.V. Pisarev, C.U.T. Hellen, T.V. Pestova, Recycling of eukaryotic posttermination ri-
bosomal complexes, Cell 131 (2007) 286–299, http://dx.doi.org/10.1016/j.cell.
2007.08.041.
[15] D.W. Litchﬁeld, Protein kinase CK2: structure, regulation and role in cellular deci-
sions of life and death, Biochem. J. 369 (2003) 1–15, http://dx.doi.org/10.1042/
BJ20021469.
[16] F. Meggio, L.A. Pinna, One-thousand-and-one substrates of protein kinase CK2?
FASEB J. 17 (2003) 349–368, http://dx.doi.org/10.1096/fj.02-0473rev.
[17] K.A. Ahmad, G. Wang, G. Unger, J. Slaton, K. Ahmed, Protein kinase CK2—a key sup-
pressor of apoptosis, Adv. Enzym. Regul. 48 (2008) 179–187, http://dx.doi.org/10.
1016/j.advenzreg.2008.04.002.
1701C. Borgo et al. / Biochimica et Biophysica Acta 1853 (2015) 1693–1701[18] N.A. St-Denis, D.W. Litchﬁeld, Protein kinase CK2 in health and disease: from birth to
death: the role of protein kinase CK2 in the regulation of cell proliferation and sur-
vival, Cell. Mol. Life Sci. 66 (2009) 1817–1829, http://dx.doi.org/10.1007/s00018-
009-9150-2.
[19] M. Ruzzene, L.A. Pinna, Addiction to protein kinase CK2: a common denominator of
diverse cancer cells? Biochim. Biophys. Acta 1804 (2010) 499–504, http://dx.doi.
org/10.1016/j.bbapap.2009.07.018.
[20] G. Cozza, M. Mazzorana, E. Papinutto, J. Bain, M. Elliott, G. di Maira, et al.,
Quinalizarin as a potent, selective and cell-permeable inhibitor of protein kinase
CK2, Biochem. J. 421 (2009) 387–395, http://dx.doi.org/10.1042/BJ20090069.
[21] M. Ruzzene, G. Di Maira, K. Tosoni, L.A. Pinna, Assessment of CK2 constitutive activ-
ity in cancer cells, Methods Enzymol. 484 (2010) 495–514, http://dx.doi.org/10.
1016/B978-0-12-381298-8.00024-1.
[22] A. Venerando, C. Franchin, N. Cant, G. Cozza, M.A. Pagano, K. Tosoni, et al., Detection
of phospho-sites generated by protein kinase CK2 in CFTR: mechanistic aspects of
Thr1471 phosphorylation, PLoS ONE 8 (2013) e74232, http://dx.doi.org/10.1371/
journal.pone.0074232.
[23] T.E. Thingholm, T.J.D. Jørgensen, O.N. Jensen, M.R. Larsen, Highly selective enrich-
ment of phosphorylated peptides using titanium dioxide, Nat. Protoc. 1 (2006)
1929–1935, http://dx.doi.org/10.1038/nprot.2006.185.
[24] M. Salvi, E. Trashi, G. Cozza, C. Franchin, G. Arrigoni, L.A. Pinna, Investigation on PLK2
and PLK3 substrate recognition, Biochim. Biophys. Acta 1824 (2012) 1366–1373,
http://dx.doi.org/10.1016/j.bbapap.2012.07.003.
[25] A. Siddiqui-Jain, D. Drygin, N. Streiner, P. Chua, F. Pierre, S.E. O'Brien, et al., CX-4945,
an orally bioavailable selective inhibitor of protein kinase CK2, inhibits prosurvival
and angiogenic signaling and exhibits antitumor efﬁcacy, Cancer Res. 70 (2010)
10288–10298, http://dx.doi.org/10.1158/0008-5472.CAN-10-1893.
[26] F. Meggio, A. Donella Deana, M. Ruzzene, A.M. Brunati, L. Cesaro, B. Guerra, et al., Dif-
ferent susceptibility of protein kinases to staurosporine inhibition. Kinetic studies
and molecular bases for the resistance of protein kinase CK2, Eur. J. Biochem. 234
(1995) 317–322.
[27] M. Salvi, S. Sarno, L. Cesaro, H. Nakamura, L.A. Pinna, Extraordinary pleiotropy of
protein kinase CK2 revealed by weblogo phosphoproteome analysis, Biochim.
Biophys. Acta 1793 (2009) 847–859, http://dx.doi.org/10.1016/j.bbamcr.2009.01.
013.
[28] C. Girardi, P. James, S. Zanin, L.A. Pinna, M. Ruzzene, Differential phosphorylation of
Akt1 and Akt2 by protein kinase CK2 may account for isoform speciﬁc functions,
Biochim. Biophys. Acta 1843 (2014) 1865–1874, http://dx.doi.org/10.1016/j.
bbamcr.2014.04.020.
[29] D. Perrotti, F. Turturro, P. Neviani, BCR/ABL, mRNA translation and apoptosis, Cell
Death Differ. 12 (2005) 534–540, http://dx.doi.org/10.1038/sj.cdd.4401606.
[30] L. Valásek, J. Hasek, H. Trachsel, E.M. Imre, H. Ruis, The Saccharomyces cerevisiae
HCR1 gene encoding a homologue of the p35 subunit of human translation initia-
tion factor 3 (eIF3) is a high copy suppressor of a temperature-sensitive mutation
in the Rpg1p subunit of yeast eIF3, J. Biol. Chem. 274 (1999) 27567–27572.
[31] O.G. Issinger, R. Benne, J.W. Hershey, R.R. Traut, Phosphorylation in vitro of eukary-
otic initiation factors IF-E2 and IF-E3 by protein kinases, J. Biol. Chem. 251 (1976)
6471–6474.
[32] L.A. Pinna, A historical view of protein kinase CK2, Cell. Mol. Biol. Res. 40 (1994)
383–390.
[33] M.D. Dennis, M.D. Person, K.S. Browning, Phosphorylation of plant translation initi-
ation factors by CK2 enhances the in vitro interaction of multifactor complexcomponents, J. Biol. Chem. 284 (2009) 20615–20628, http://dx.doi.org/10.1074/
jbc.M109.007658.
[34] A.R. Farley, D.W. Powell, C.M. Weaver, J.L. Jennings, A.J. Link, Assessing the compo-
nents of the eIF3 complex and their phosphorylation status, J. Proteome Res. 10
(2011) 1481–1494, http://dx.doi.org/10.1021/pr100877m.
[35] N. Dephoure, C. Zhou, J. Villén, S.A. Beausoleil, C.E. Bakalarski, S.J. Elledge, et al., A
quantitative atlas of mitotic phosphorylation, Proc. Natl. Acad. Sci. U. S. A. 105
(2008) 10762–10767, http://dx.doi.org/10.1073/pnas.0805139105.
[36] V. Mayya, D.H. Lundgren, S.-I. Hwang, K. Rezaul, L. Wu, J.K. Eng, et al., Quantitative
phosphoproteomic analysis of T cell receptor signaling reveals system-wide modu-
lation of protein–protein interactions, Sci. Signal. 2 (2009) ra46, http://dx.doi.org/
10.1126/scisignal.2000007.
[37] J.V. Olsen, M. Vermeulen, A. Santamaria, C. Kumar, M.L. Miller, L.J. Jensen, et al.,
Quantitative phosphoproteomics reveals widespread full phosphorylation site occu-
pancy during mitosis, Sci. Signal. 3 (2010) ra3, http://dx.doi.org/10.1126/scisignal.
2000475.
[38] C. Weber, T.B. Schreiber, H. Daub, Dual phosphoproteomics and chemical proteo-
mics analysis of erlotinib and geﬁtinib interference in acute myeloid leukemia
cells, J. Proteome 75 (2012) 1343–1356, http://dx.doi.org/10.1016/j.jprot.2011.11.
004.
[39] J.W.B. Hershey, Regulation of protein synthesis and the role of eIF3 in cancer, Braz. J.
Med. Biol. Res. 43 (2010) 920–930.
[40] R. Marchione, S.A. Leibovitch, J.-L. Lenormand, The translational factor eIF3f: the am-
bivalent eIF3 subunit, Cell. Mol. Life Sci. 70 (2013) 3603–3616, http://dx.doi.org/10.
1007/s00018-013-1263-y.
[41] L. Zhang, Z. Smit-McBride, X. Pan, J. Rheinhardt, J.W.B. Hershey, An oncogenic role
for the phosphorylated h-subunit of human translation initiation factor eIF3, J.
Biol. Chem. 283 (2008) 24047–24060, http://dx.doi.org/10.1074/jbc.M800956200.
[42] S.-H. Goh, S.-H. Hong, S.-H. Hong, B.-C. Lee, M.-H. Ju, J.-S. Jeong, et al., eIF3m expres-
sion inﬂuences the regulation of tumorigenesis-related genes in human colon can-
cer, Oncogene 30 (2011) 398–409, http://dx.doi.org/10.1038/onc.2010.422.
[43] D. Silvera, S.C. Formenti, R.J. Schneider, Translational control in cancer, Nat. Rev.
Cancer 10 (2010) 254–266, http://dx.doi.org/10.1038/nrc2824.
[44] C. Borgo, L. Cesaro, V. Salizzato, M. Ruzzene, M.L. Massimino, L.A. Pinna, et al., Aber-
rant signalling by protein kinase CK2 in imatinib-resistant chronic myeloid leukae-
mia cells: biochemical evidence and therapeutic perspectives, Mol. Oncol. 7 (2013)
1103–1115, http://dx.doi.org/10.1016/j.molonc.2013.08.006.
[45] M. Sokabe, C.S. Fraser, J.W.B. Hershey, The human translation initiation multi-factor
complex promotes methionyl-tRNAi binding to the 40S ribosomal subunit, Nucleic
Acids Res. 40 (2012) 905–913, http://dx.doi.org/10.1093/nar/gkr772.
[46] A.G. Hinnebusch, The scanning mechanism of eukaryotic translation initiation,
Annu. Rev. Biochem. 83 (2014) 779–812, http://dx.doi.org/10.1146/annurev-
biochem-060713-035802.
[47] F. Llorens, A. Duarri, E. Sarró, N. Roher, M. Plana, E. Itarte, The N-terminal domain of
the human eIF2beta subunit and the CK2 phosphorylation sites are required for its
function, Biochem. J. 394 (2006) 227–236, http://dx.doi.org/10.1042/BJ20050605.
[48] M.K. Homma, I. Wada, T. Suzuki, J. Yamaki, E.G. Krebs, Y. Homma, CK2 phosphoryla-
tion of eukaryotic translation initiation factor 5 potentiates cell cycle progression,
Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 15688–15693, http://dx.doi.org/10.1073/
pnas.0506791102.
